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ABSTRACT
This thesis describes the technique of principle component
analysis as applied to determining if a combination of three
characteristic vectors would account for an underlying structure
in the eight color test objects specified by the CIE for calculation
of the color rendering index (CRI). Anticipated was that three
vectors would account for 100 A of the variance in the eight test
objects; however it was determined that three vectors account for
only 96 % of the variance.
Since the analysis of the reflectance functions showed no
3
dependence within the functions a 3 factorial experiment was
conducted. Its purpose was to determine if the point of maxi
mization of CRI in a three component spectral power distribution
would be at 610, 540, and 450 run when using metameric gray objects.
This was postulated by Mr. Thornton in his paper "Luminosity and
the Color Rendering Capability of White Light". The analysis of
the resulting response surface indicated that the maximization
point was not the same but if a valid point exists it lies outside
the experimental boundaries of the experiment.
vi
INTRODUCTION-
Color in a perceived sense is determined by four factors, the
spectral power distribution of the illuminating source, the spectral
reflectance function of the object, the surround, and the human
visual response. A general expression for the effect of the illuminant
on a set of perceived object colors in comparison with the perceived
color under a reference illuminant is provided by the color rendering
index (CRI). Adopted in 1964 by the International Commission on
Illumination (CIE) was the CIE Method of Measuring and Specifying
Color Rendering Properties of Light Sources. Use of this method
produces a color rendering index, R, which is based on the amount
of colorimetric shift of a set of test object colors under a reference
illuminant in comparison to their color under a test illuminant of
identical or nearly Identical chromaticity. Agreed upon in this
standard is that the CIE method be considered fundamental for
appraising the color rendering properties of light sources and be
recommended for design and testing of lamps.
In the paper "Luminosity and the Color Rendering Capability of
White Light" it was shown that when luminosity and CRI were used as
criteria, some optimized white light spectral power distribution (SPD)
2
would significantly improve the light. The study concluded that
an additive combination of three spectral lines near 450,540, and
610 nm approximated the white light SPD necessary to maximize luminous
efficiency and CRI. The maximum CRI of a three component lamp with
a correlated color temperature of 6800 K and the CIE illuminant C
as a reference was 80. Subsequent papers have shown an improvement
of this figure to 94 when the three component distribution was combined
. ^ 3
with a continuous spectrum.
Many questions have arisen concerning the adequateness of the
original CIE set of eight color test samples for measurement of the
general CRI. Nayatani et. al. showed that because of deficiencies
in the number and choice of the test samples involved it is possible
to derrive, for a given reference illuminant, an infinite number of
test illuminants with a different SPD that all have perfect color
4
rendering indices. In agreeing with this view Dr. Wyszeclci, of the
National Research Council of Canada, has suggested the use of metameric
gray object colors generated statistically so as to be non-linearly
related in assessing the color matching properties of lamps.
*
Nayatani and Takahama have confirmed the effectiveness of using
the twelve metameric grays derrived by Dr. Wyszecki in making an
assessment of this type.
Although the use of properly chosen line spectra can provide a
wide gamut of colors these same spectra could be disastrous in
reproducing certain colors. Since the CRI was shown to increase
even more when combined SPDs were used it would be beneficial to
know if the maximum of the three line spectra could be accounted for
by an interrelationship in the test samples. If the samples are
interrelated and can be represented by three functions it is highly
probable that these three functions would be the cause of maximization
of CRI at wavelengths of 450, 540, and 610 nm. Determination of the
existence of any mathematical relationship among the eight CIE test
objects is the intent of Phase I of this research.
In Phase II the research has two possible paths. Mr. Thornton
postulated that regardless of the type of test objects used the CRI
would maximize at the wavelengths he had determined. Should the
test objects prove to be non interrelated the metameric grays would
be used in a factorial experimental design to determine if the CRI
maximization occurrs at the same point. The second path would be
if the test objects prove to be related, the factorial experiment
would then be aimed at determining a point of maximization.
COLORIMETRIC MEASUREMENT
Prior to any discussion of color rendering index one must be
familiar with the procedures involved in the measurement and
specification of color. Current specification in the CIE colorimetric
system involves calculation of the X,Y,Z tristimulus values. To
account for the human visual response the color matching functions
for the CIE 1931 standard observer are used. When the standard
observer views an illumination source the tristimulus values are
given by;
where P ^ is the spectral distribution of the source and xA,y,,"z
are the color matching functions for the standard observer. The
normalization constant k is usually chosen so that the resultant
value of Y is 100.00.
An object color is similarly specified by:
X = kJpAHAx,
Z = k^pAH^z A
where p^ is the spectral reflectance of the object, H s. is the
spectral distribution of the illumination source. When usin^ the
1931 CIE standard observer the normalization constant for object
colors is defined by:
100
k =
HA^
These tristimulus values lead directly to the x,y,z chromaticity
coordinates which are related through the following equations :
X
x.=
X + Y + Z
X -L Y
z
+ Z
X + Y + Z
z =
In order to provide a representation of the color diagram which
is more perceptually uniform than the x,y diagram a transformation
is made to the CIE 1960 UCS diagram by the following equations:
4X 4x
u
X + 15Y + 3Z -2x + 12y + 3
6Y 6y
X + 15Y + 3Z -2x -f 12y + 3
1/3
W = 25Y - 17
COLOR RENDERING INDEX
In accordance with the CIE specification for the measurement
of CRI the calculations were performed In this research using the
following steps :
1) CALCULATION OF CIE 1931 TRISTIMULUS VALUES
Using spectroradiometric measurements of the test and reference
illuminants with the spectral reflectances of the test objects,
the CIE 1931 tristimulus values X,Y,Z and the chromaticity
coordinates x,y of the illuminants and the test objects under
each illuminant are calculated.
2) CIE 1960 UCS TRANSFORMATION
The CIE 1931 tristimulus values are transformed to the CIE 1960
UCS coordinates. If the test and reference illuminants are not of
identical chromaticities, as is the case in this research, a
transformation would be required to account for the adaptive
color shift under the two illuminants.
3) CIE 1964 UNIFORM COLOR SPACE TRANSFORMATION
The u,v coordinates are transformed to the UCS system, by the following
formulas :
<,i= 25(Yr)i)1/3 - 17 w*f.= 25(Yk>i)1/3 - 17
;,i(uk,i ~ V
U"
.
-
13W"
-(u .
- u ) if . = 13w;r,i r,ivr,i r k,i ]
.
=
. (v . - v ) . = . (u, - u )
r,i r,i r,i
ry
k,i k,!^,! *V
where the subscripts r and k represent the reference and test
illuminants respectively and the subscript i represents a test
object color.
4) COLOR SHIFT
The color shift due to the two illuminants is given by:
9 * it 2 * i- 2
A Ei= (Ur,i - Uk,i> + ^r,i
- \,i> +^,i-\,i'
5) COLOR RENDERING INDEX
The color rendering index is calculated from the A E. as follows:
R. = 100 - 4.6AE.
l i
This results in a scaling such that 100 represents a reproduction
that is equal to the reference and a value of 50 represents the
CRI of a standard warm white flourescent tube. The actual value
of CRI is calculated as the arithmetic average of the R.s of the
test colors used.
EVALUATION PROGRAM
Vector Analysis
The method of characteristic vector analysis is ideally suited to
the determination of a mathematical relationship among the eight color
test objects specified by the CIE. In this case each function is
treated as a vector with 95 variables being over the wavelength range
of 360 - 830 nm. This method will determine if a linear combination
of three characteristic vectors will account for all the variance among
the eight test object colors. The hypothesis is that three vectors will
account for all variance and therefore would have some relationship
to the point of maximization of CRI at 450, 540, and 610 nm. The
mathematical detail and aa. example are given in Appendix A along with
the computer program documentation.
FACTORIAL EXPERIMENT
In order to answer the question of where the CRI maximizes with a
set of metameric gray object colors it is necessary to generate a
response surface or equation for the dependent variable, CRI, as a
function of the independent variables, in this case wavelength bands.
Since the CRI reportedly maximizes at 450, 540, and 610 nm these
three 'wavelengths were chosen as the central treatment combination of
a 3 factorial experimental design. That is to say three wavelengths in
each of three regions. A wavelength range of 10 run from each center
point was a.ssumed which resulted in 27 unique combinations of the three
factors. Using CIE illuminant C as the reference the power levels
at each combination must be calculated so as to match the tristimulus
values of Illuminant C. This can be accomploshed using a set of
linear equations.
PAT^1 + PA2*A2 + PA3*A3 = 98'0716
PAiyAl + PA2^A2 + PA3^A3 = 100-000
*W + PA2TA2 + PA3TA3 = 118-2253
where A 1, A 2, and A3 are the three wavelengths in the treatment
combination and x,y,z are the spectral tristimulus values of the
CIE 1931 standard observer. The constants are the tristimulus values
of CIE Illuminant C with the CIE 1931 standard observer. The
calculated power levels represent the power required at each wavelength
in order to match the tristimulus values and chromaticity coordinates of
CIE Illuminant C.
A regression analysis on the factorial experimental data will provide
the desired equation of response, CRI as a function of the input
wavelengths over the region bounded by the experiment. Taking
the partial derivatives with respect to the CRI for each variable and
setting them equal to zero will result in the computation of a point on
the response surface that is either a maximum or minimum. The second
partial will indicate whether we have a maximum or minimum.
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EXPERIMENTAL RESULTS
REFLECTANCE FUNCTION INTERDEPENDENCE
The CIE reflectance functions specified for use in the CRI
calculation are given In Appendix B, Table 1. These reflectances
were analysed using the characteristic vector analysis program in
Appendix A. If the hypothesis that some combination of three
unknown functions would account for the variance in the eight object
colors then 100 % of the variance or trace of the variance-covariance
matrix would have to be accounted for by three characteristic
vectors. The results of these analyses given in Table 1 clearly
indicate that three vectors account for only 96 % of the variance
regardless of the base of the input data. That is either density
or reflectance. These three vectors are illustrated in Figure 1.
Figures 2 to 9 illustrate the real reflectance functions and the
reconstructed reflectance functions based on the three characteristic
vectors. Clearly with only 96 % of the variance accounted for the
hypothesis must be rejected. Tables of the characteristic vectors,
scalar multipliers, actual reflectance functions, the 3 and 7
component reconstructed functions and their associated errors are
in Appendix B.
FACTORIAL EXPERIMENT ( > "" -5 L'"*' M3E\
The results of the vector analysis indicated that' the eight CIE/
CRI test object colors were not interrelated. Therefore the three
factorial experiment was aimed at determining if the CRI, as
determined by the twelve metameric gray objects, maximized .': '. .
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at the same wavelengths as Mr. Thornton had postulated. That is the
value maximizes at the same point regardless of the choice of test
object colors. As the first step the power levels for each of the
wavelength combinations were calculated based on the previously given
equations and are given in Table 2. These were used as test illumi-
mants in calculation the CRI using the twelve metameric gray objects.
The numerical results of these calculations are pres.ented in Table 3.
Since the CRI is scaled based on a value of 50 being that of a
standard warm white florescent tube and because the color difference
of the metameric functions when viewed under the line spectra in
this experiment are so great the resulting values of CRI are negative.
An illustration of where these object colors fall on the CIE diagram
3
at the maximum point of CRI in the 3 factorial experiment is in
Figure 11.
In order to determine if the maximum was at the same point the
CRI data in Table 3 was placed through a regression analysis program
from'
the Statistical Package for the Social Sciences. The resulting
equation was:
CRI = -22.95 + 7.95C1 + 13. AOC2+5.00C3 + 10.06C,2- - 20.57C
2
-
6.20C32
- 7.54C1C2 - 8.94C2C3
Where C,,C,,,C,, are the treatment codes for Factors 1 to 3. This r
1 2 ~>
equation has an R square maximum of .992 while maintaining a standard
error of 2.07. Using this equation and holding Cx at a constant,
lines of constant response at each level of factor C, were calculated
and plotted in Figures 12 - 14. From these curves and Table 3 it is
clear that the CRI value at the treatment combination 0,0,0 or 610,
540, 450 nm is clearly less than the CRI from 620, 540, 450 which is
the best CRI under the experimental conditions. If a maximization
23
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TABLE 2 27
POWER LEVELS FOR THE
33
FACTORIAL EXPERIMENT
TREATMENT
COMBINATION FACTOR 1 LEVEL FACTOR 2 LEVEL FACTOR
3 LEVEL
-1,-1,-1 600 59.72 530 70.54 440 65.94
-1,-1, 0 600 61.07 530
68.43 450 65.06
-1,-1, 1 600 63.29 530
64.87 460 69.16
-1, 0,-1 600 51.51 540
69.14 440 66.84
-1, 0, 0 600 53.13 540 67.05
450 65.92
-1, 0, 1 600 55.79 540 63.52
460 70.03
-1, 1,-1 600 40.32 550
73.38 440 67.28
-1, 1, 0 600 42.29 550 71.15 450
66.34
-1, 1, 1 600 45.55 550 67.37
460 70.45
0,-1,-1 610 62.08 530 78.02 440 65.77
0,-1, 0 610 63.49 530 76.09
450 64.89
0,-1, 1 610 65.79 530 72.82
460 68.97
0, 0,-1 610 52.78 540 75.38
440 66.78
0, 0, 0 610 54.44 540 73.49
450 65.86
0, 0, 1 610 57.17 540 70.28
460 69.96
o, 1,-1 610 40.52 550 78.46
440 67.27
0, 1, o 610 42.51 550 75.48
450 66.33
0, 1, i 610 45.78 550 73.12
460 70.43
1,-1,-1 620 72.04 530 82.41 440 65.67
1,-1, o 620 73.67 530 80.59
450 64.78
1,-1, 1 620 76.33 530 77.48
460 68.86
1, 0,-1 620 60.74 540 78.96
440 66.75
1, 0, 0 620 62.64 540
77.18 450 65.82
1, 0, 1 620 65.77 540 74.15
460 69.92
1, 1,-1 620 46.12 550
81.29 440 67.26
1, i, o 620 48.38 550
79.45 450 66.32
1, 1, 1 620 52.09 550
76.31 460 70.42
TABLE 3 28
COLOR RENDERING INDEX DATA FOR METAMERIC GRAY OBJECTS BASED ON
3
TREATMENT COMBINATIONS IN THE 3 FACTORIAL EXPERIMENT
REGRESSION
TREATMENT CALCULATED PREDICTED
COMBINATION CRI CRI RESIDUAL
-1,-1,-1 -81.30 -81.99 .69
-1,-1, 0 -65.50 -62.37 -3.13
-1,-1, 1 -56.60 -55.15 -1.45
-1, 0,-1 -34.20 -31.87 -2.33
-1, 0, 0 -17.70 -20r85 3.15
-1, 0, 1 -19.60 -22.24 2.64
-1, 1,-1 -21.80 -22.89 1.09
-1, 1, 0 -20.30 -20.47 .17
-1, 1, 1 -31.30 -30.47 -.83
0,-1,-1 -73.20 -77.09 3.89
0,-1, 0 -56.90 -56.94 .04
0,-1, 1 -47.30 -49.19 1.89
0, 0,-1 -37.00 -34.17 -2.83
0, 0, 0 -22.90 -22.96 .06
0, 0, 1 -24.40 -24.16 -.24
0, 1,-1 -31.90 -32.39 .49
0, 1, 0 -31.50 -30.13 -1.37
0, 1, I -42.20 -40.27 -1.93
1,-1,-1 -52.40 -52.07 -.33
1,-1, 0 -32.60 -31.38 -1.22
1,-1, 1 -23.50 -23.11 -.39
1, 0,-1 -17.60 -16.35 -1.25
1, 0, 0 -3.70 -4.95 1.25
1, 0, 1 -6.40 -5.96 -.44
1, 1,-1 -21.20 -21.78 .58
1, i, o -18.60 -19.66 1.06
1, 1, I -29.20 -29.94 .74
29
of CRI exists for a three line spectra and metameric gray object
functions it is not within the bounds of this experiment and in any
case it is not at the point of maximization when using the standard
CIE/CRI reflectance functions. If the point of maximization were
the same the lines of constant response would have a point at which
the first derrivative would be zero which would be inside the
boundaries of the experiment and clearly this is not the case.
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PRINCIPLE COMPONENT ANALYSIS
In photographic science one is often Involved in analysis of
multivariate response data which could include such things as
families of D Log E curves, modulation transfer functions, reflect
ances etc. As the amount of data collected increases, the ease of
comparison and manipulation decreases; thus it is often desireable
to reduce the data to a more manageable result. One method ideally
suited for such work is characteristic vector analysis sometimes
called principle component analysis. The Application of Character
istic Vector Analysis to Photographic and Optical Response Data by
J. L. Simonds in the Journal of the Optical Society of America;
August 1963; outlines an algorithm for this type of analysis. The
computer program is based on this algorithm. A detailed description
is provided in Simonds 's article; however a short numerical example
is helpful in understanding program operations.
Define a matrix of 3 cases (rows) by 6 variables (columns) as:
19 8 3 2 4
3 7 5 8 4 1
2 5 8 7 3 1
The variable (column) average is :
El
E2 =
E3
E = 2 7 7 6 3 2
Subtracting E from E^ :
>
^1 2 1-3-1 2
P = E
.
- E = 1 0-2 2 1-1
0-2 1 1 0-1
Calculating the variance- covarianca matrix:
2-2-3 5 2
-2800-26
-3 0 6-6-3 3
5 -8 -6 14 5 -9
2-2-3 5 2-3
-3 6 3-9-3 6
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S = P P'
The trace of S:
tr S
6
i=l
S. .
1,1
= 38
Arbitrarily defining the first estimate of the characteristic vector:
y0 =
Q"
1 1 1 1 l]
Calculating the first itteration x
x1 = S x yQ
= [l
x.. (max) = 2
2 -3 3
Normalizing x, :
*1
x, (max)
Q! -1.5 .5 :
Continuing the itteration:
x
11
11
X
12
Jj.0.7625
[_ .3525
[10.7625
-18.0152 -12.5173 30.5325 10.7625
-.5900 -.4100 1.0000 .3525
-18.0152 -12.5173 30.5325 10.7625
-19.770l]
-.647f]
-19.770l]
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At this point x.^ and x.._ are equal and the first root is:
\x = 30.5325
The percentage of trace accounted for by the first root is:
R = ~- x 100. =
30;^325
x 100. = 80.35 %
tr S 38
Setting the sum of squares of the elements of x.. equal to a_ the
first characteristic vector is obtained:
V1
= [7.3180 -2.2061 -1.5329 3.7390 1.3180 -2.421o]
1
The variance described by the first characteristic vector V is
removed from the variance-covariance matrix:
1 1'
S = S - V V
2
In determining the second characteristic vector V the variance-
covariance matrix S_ is used and after three itterations:
X3
= [2.1634 7.4674 -8.0605 .5931 2.1634 1.57oT|
X2 = *7.4674
The total trace percentage is:
AT 4- Ai
R = x 100. = 99.9999 %
tr S
2
Calculating the second characteristic vector V as before:
V = [75128 1.7700 -1.9106 .1406 .5128 .3722]
The weighting functions W are determined by:
E
Xi
for the example
W1
= (70432 -.0723 -.0502 .1225 .4317 -.0793
W2
= [70687 .2370 -.255S .0188 .0687 .4984
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The scalar multipliers are calculated from the original data:
Y7 = ^T W_ ,(P .) yo = ^1 W_ .(P ,)1 T^s 1,1 n,i 2 r^;, 2,i n,i
where n is the row or case for which the scalars are desired and
r is the number of variables in each set of data or function.
Thus to reconstruct case 2 of the original data the scalars are:
Yx = .5109 Y2 = .6369
nv .
__
therefore E =
(V1
x Y.) + E
where nv is the number of characteristic vectors, thus
E2=[37 5 8 4lJ
In this simple data set the resulting reconstruction is equal to the
input function since we have accounted for all the variance. In this
simple case principle component analysis is of little value; however
its use can be appreciated if in the analysis of a 100 square matrix
it would be possible to reduce that data to perhaps three vectors
and a set of scalar multipliers.
Program useage
The following description provides an outline of both the job
control and data cards required to run program C0MP0NAL2 on the RIT
computer system.
1. JOB statement
!J0B acct#,acctname(UCC),7.
2. LIMIT statement
! LIMIT ( CORE , 32) , (TIME ,4) , (U0 , 50) , (RERUN)
TIME and U0 will vary depending on the amount of data.
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3. ASSIGN statement
This program provides the capability to write the input data
mean, characteristic vectors and reconstructed functions to a
permanant disc file with the format 10F10.4. If this option is
selected by any of the problems in the job stream the following
cards must be provided; otherwise they are not required.
! ASSIGN F:l, ( FILE, filenamel),(OUT), (SAVE)
IASS IGN F: 2, (FILE , filename2) , (OUT) , (SAVE)
Upon termination of the job filenamel will contain, sequentially,
the average of columns, and the characteristic vectors 1 - n.
Similarly filename2 will contain the reconstructions of the
input functions.
NOTE: Should the job contain more than one problem which
selected the write file option the data would be placed
in the files in the order in which the problems were fun
in the job stream.
4. RUN statement
IRUN (LMN, C0MPANAL2 , acct#)
where acct# is optional and required only If the program is not
in the account in which the job is running.
5. Data Input
A. PROBLM card
'
Column Data
1-6 PRCBLM
7-9 Number of variables per function (2sNV<lGG)
10-12 Number of cases (3<NCS50)
13-15 YES if file write option is desired; otherwise blank.
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16-18 YES if printing of reconstructions are desired;
otherwise blank.
19-21 Number of variables to be labeled, if desired
LABELS cards must be provided. (NV)
22,23 Number of variable format cards <10
24-30 Fraction of trace to be accounted for, F7.5 format
(.0TsPCTN<L.00) if blank default is for .99 or 99 Z.
B. TITLE card
Column Data
1-5 TITLE
6 blank
7-78 problem title
C. LABELS card (if required)
Column Data
1-6 LABELS
7-... Format 7(14,A6) each variable to be labeled must
have its number and associated title punched into
a LABELS card. If more than 7 variables are to be
labeled then repeat this step until completed.
D. Variable format card
The format card will vary depending on the number of variables
in each function and how they are punched into the data cards.
As example if the number of variables were 95 (NV) and each
card was punched with 20 values punched in 20F4.3 format the
card would be :
(20F4. 3/20F4. 3/20F4. 3/20F4. 3/15F4. 3)
The */' being required to skip to the next card resulting in
a total of 95 values being real.
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E. Data
Punched according to the variable format card specified in D.
Each case must be on a seperate set of cards.
(Repeat A - E as required for each problem in the job stream.)
F. FINISH card
Column Data
1-6 FINISH
6. EOD card
!EOD
PRINCIPLE COMPONENT ANALYSIS
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VECTOR 3>
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Read
'Parameter
Card
Test for proper
card and
program bounds
Yes
v
Call
RDLBL
V
Read
Data
No Write error
Stop 0
Compute
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EaE
Write input:
Dot a, Avg.,
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Call PRINT1, PRINT2, PRINT3
FIGURE A-
40
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96
Set U=l
->-
SP.
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Clear VECT
Comput e
VECT=U x COV
Jh
S
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Find max. in
VECT and
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FIGURE A-l (CONTINUED)
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Write VECT
JiL
Corapute
Weighting
Functions
.[^
-i/
Write
Weighting
Functions
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-^
Compute
COV-VECTx
VECT0 93
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Scalars
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FIGURE A-l (CONTINUED)
42
Yes
No
Go To 10
No
J&
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Compute
Reconstructed
Functions
-V
Write
Functions
-Vi
Go To 10
Write
DMEAN & VEC1
File
V
Write
File
FIGURE A-l (CONTINUED)
43
SUBROUTINE WRITE
WRITE
Calculate #
of 10 element
s egments to
print array
FIGURE A- I (CONTINUED)
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SUBROUTINE RDLBL
RDLBL
Number
Variables
Yes
-V_
Read
LABELS
Card
Yes
36.
Transfer
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Array
.
RETURN
S>^
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No
N>^
NO
44
-* RETURN
<Print
Error"*
STOP
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Go To 20
FIGURE A- I (CONTINUED)
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SUBROUTINE PRINTI
r~
o
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n
I
PRINTI
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print array
Load proper
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array NN
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Array
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next print
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SUBROUTINE PRINT2
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^
FIGURE A-l (CONTINUED)
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SUBROUTINE PRINT3
PRINT3
JJL
Calculate #
of 8 element
segments to
print array
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Load NN
with LABELS
and print
o
o
-V
Yes
Write
Array
40
-V.
Compute
next print
subscripts
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V
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^
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FIGURE I (C< INULD)
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APPENDIX B
TABLE B-l 60
REFLECTANCES OF 12 GRAY OBJECT COLORS METAMERIC WITH RESPECT
TO THE 1931 CIE STANDARD OBSERVER AND CIE SOURCE C
(WYSZECKI 1962)
WAVELENGTH
(NM) 1 2 3 4 5 6
380 ,0575 .0437 .1613 1143 .0243 ? 2550
390 .2017 .1031 .1770 .1170 ,0414 ? 2919
400 .3510 .1766 ? 2173 .1243 .0603 .3150
410 .4419 .2279 ,2579 ? 1257 ? 0319 .3268
420 .4762 .2590 .2895 .1301 .1014 .3314
430 .4617 .2834 .3064 ? 1330 ,1298 .3327
440 .4197 .2964 .3126 ? 1342 .1565 .3297
450 .3529 .3004 .30S9 .2992 .2S58 ? 3230
460 .2744 ,3073 .2961 .48S7 ,4339 ? 3121.
470 .1617 .3023 .2595 .4770 .4637 ? 2377
480 .085.1. ? wU/j .2350 ,3742 .4341 ? 2478
490 .0634 .3285 .3426 ?2607 ,3933 ? 2012
500 .0637 .3535 .4321 .2874 ,3796 .1634
510 .0653 .3708 .4478 ,4496 .3649 ,1210
520 .0664 77^0 .4269 ,4852 , 3555 .0654
530 .0677 .3664 .3798 .4136 .3397 .2039
540 .1404 .3354 .3233 .3123 ? 3098 ? 4011
550 .5696 .2351 .2707 0199 .2643 .3582
560 .6792 .2147 .2275 .1676 .2002 . 2929
570 . 6046 .1465 .1935 ? 1553 .1362 ? 3319
580 .4811 .0390 .1812 .189-3 ,0313 .5962
590 .3513 .2425 .1702 .2394 ,2734 .5061
600 .2360 ? 6354 .1647 ?2979 ,7078 .3429
610 .1433 .5856 .1705 ,3520 ,5950 .2065
620 .0809 . 3676 .3035 ,4021 , 38o2 .1179
630 .0422 .2145 .7796 ? 4401 ,2232 ? 0626
640 ,0188 .1177 .8000 .4737 ,1259 .0291
650 .0094 .0539 .6492 ?5029 .0629 .0123
660 .0031 .0294 .49S4 ? 5249 .0315 .0074
670 .0016 .0126 .3924 .5424 .0157 .0083
680 .0000 .0042 .3117 ? 5573 ,0079 .0113
690 .0000 .0000 .2694 ?5724 .0039 .0131
700 .0059 .0019 .2530 ?5812 .0000 ,0223
710 .0188 .0061 ? 2497 .5835 ,0000 ,0231
720 .0232 .0092 .2438 ,5958 .0000 ? 0223
730 .0493 > 016.1 ,2394 ,6024 .0000 .0210
7 40 .0634 .0206 .2329 ? 6039 ,0000 .0202
750 .0728 .0237 0 ') 0 -}* A- .... / V ,6143 ,0000 .018?
760 .0821 .0263 2305 ? 6199 ,0000 .0131
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a correlated color temperature of 6800 K and the CIE illuminant C
as a reference was 80. Subsequent papers have shown an improvement
of this figure to 94 when the three component distribution was combined
3
with a continuous spectrum.
Many questions have arisen concerning the adequateness of the
original CIE set of eighft color test samples for measurement of the
general CRI. Nayatani et. al. showed that because of deficiencies
in the number and choice of the test samples involved it is possible
to derrive, for a given reference illuminant, an infinite number of
test illuminants with a different SPD that all have perfect color
4
rendering indices. In agreeing with this view Dr. Wyszecki, of the
National Research Council of Canada, has suggested the use of metameric
gray object colors generated statistically so as to be non-linearly
related in assessing the color matching properties of lamps. *
Nayatani and Takahama have confirmed the effectiveness of using
the twelve metameric grays derrived by Dr. Wyszecki in making an
assessment of this type.
Although the use of properly chosen line spectra can provide a
wide gamut of colors these same spectra could be disastrous in
reproducing certain colors. Since the CRI was shown to increase
even more when combined SPDs were used it would be beneficial to
know if the maximum of the three line spectra could be accounted for
by an interrelationship in the test samples. If the samples are
interrelated and can be represented by three functions it is highly
probable that these three functions would be the cause of maximization
of CRI at wavelengths of 450, 540, and 610 nm. Determination of the
